A series of novel immobilized platinum catalysts was prepared by loading Pt onto silica particles modified with polycarboxylic acid groups such as diethylenetriaminepentaacetic acid (DTPA), nitrolotriacetic acid (NTA) and succinic acid (SA). The three modified heterogeneous Pt catalysts were characterized using infrared spectroscopy (IR), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDS) and atomic absorption spectroscopy (AAS). The residual H 2 PtCl 6 solutions were characterized using ultraviolet spectroscopy (UV). The polycarboxylic acid-functionalized silica supported Pt catalysts were used to catalyze alkene hydrosilylation and 1-hexene was chosen as a model alkene. The data indicated that the catalytic performance was strongly dependent on the properties of the polycarboxylic acid group bonded to the silica particles. Among them, DTPA-functionalized silica supported Pt (SiO 2 -DTPA-Pt) showed the best catalytic activity and reusability. Furthermore, some hydrosilylation reactions between other linear alkenes (1-heptene, 1-octene, 1-decene, 1-do-decene, 1-tetra-decene, 1-hexa-decene, 1-octa-decene, styrene or cis-hex-2-ene), or ring type alkenes (norbornene) with methyldichlorosilane could be catalyzed in the presence of these three Pt catalysts. Their high activities were more than 90%, and their selectivities were more than 99%, which were apparently better than homogeneous Pt catalysts. In addition, reactions with cyclohexene were also successfully catalyzed by the Pt catalysts. These results indicate that the polycarboxylic acid-functionalized silica gel supported Pt catalysts have potential value in industrial hydrosilylation reactions.
Introduction
Platinum catalysts have received much attention from many researchers because of their signicant applications in many elds. They can be used to catalyze the hydrosilylation reaction of olens since Speier et al.
1 discovered that hexachloroplatinic acid was a very active catalyst for hydrosilylation reactions. Besides, some varieties of Pt catalyst can also be used to catalyze NO x reduction by hydrogen, 2,3 hydrogenation processes, 4,5 the oxidation of alcohols, 6 dehydrogenation reactions 7 and so forth. Among these reactions, the hydrosilylation of alkenes is a crucial reaction on both the industrial and laboratory scale. It is a carbon-silicon bond forming reaction, providing access to organofunctional silanes and silicones, which are commonly used for the production of cross-linkers, adhesives and polymers. 8, 9 Today, hydrosilylation reactions are usually activated by homogeneous catalysts such as Speier's catalyst (hexachloroplatinic acid), 1 Karstedt's catalyst 10 and Markó's catalyst 11 due to their unparalleled catalytic activities. However, these homogeneous Pt catalysts have high cost, poor selectivity 12 and non reusability and result in environmental pollution. 13 Moreover, due to their extremely high reactivity, the catalysts oen require an inert atmosphere to play a better role and avoid potential risk, which restricts their utility for large scale industrial production.
The development of heterogeneous catalysts with high activity, selectivity and reusability was necessary and had been studied over the past few decades. Varieties of supported material were used to prepare the heterogeneous Pt catalysts, such as silica, 14 22 carbon, 23 graphene oxide 24 and titania. 25 Among these materials, silica is a theoretically good support material because it has high mechanical strength and high surface area and it is non-volatile, cheap and non-toxic. Besides, there are a large number of silicon hydroxyl groups on the surface of silica which can be easily modied with varieties of functional group such as sulfonate, phosphate, amine, etc., to increase the stability of the supported catalysts during the catalytic reaction.
polycarboxylic acids such as diethylenetriaminepentaacetic acid (DTPA), ethylenediaminetetraacetic acid (EDTA), nitrolotriacetic acid (NTA) and succinic acid (SA) are chelating agents and can form very stable chelates with metals. 26 They were proved to efficiently complex to various metals. Almeida et al. 27 prepared DTPA functionalized magnetic nanoparticles to separate Nd 3+ and La 3+ and achieved a high separation efficiency (>99%). Shiraishi et al. 28 used several inorganic adsorbents (silica gel, MCM-41, and aluminum oxide) modied by EDTA and DTPA as chelating ligands to absorb transition metals such as Cu 2+ 30 successfully removed Ca 2+ from synthetic wastewater using SA modied red onion skin extract. Efforts in our laboratory have been directed towards creating EDTA-functionalized silica-supported Pt catalysts. 31 However, DTPA, NTA or SA functionalized silica gel have never been used as the support for Pt immobilization until this paper.
In this paper, to further extend our ongoing efforts towards the development of such polycarboxylic acid-functionalized Pt catalysts and to explore and compare their applications in alkene hydrosilylation, we report herein three novel polycarboxylic acid (including DTPA, NTA and SA)-functionalized silica gel supported Pt catalysts. The characteristics and catalytic ability of the three Pt catalysts were checked. Their catalytic activity and reusability were preliminarily evaluated using 1-hexene hydrosilylation with methyldichlorosilane. Their catalytic efficiency and selectivity were further veried through catalyzing these hydrosilylation reactions between methyldichlorosilane and a series of linear alkenes (1-heptene, 1-octene, 1-decene, 1-do-decene, 1-tetra-decene, 1-hexa-decene, 1-octadecene, cis-hex-2-ene, styrene) and ring type alkenes (norbornene and cyclohexene).
Experimental

Materials
All commercially available solvents and reagents were analytical grade or better and were directly used without further puri-cation unless otherwise stated. Silica gel was obtained from Yantai Xinnuo Chemical Industry Co., Ltd. (Shandong, China). Diethylenetriaminepentaacetic acid, nitrolotriacetic acid, 1-hexene (99%), 1-heptene (99%), 1-hexa-decene (95%) and 1-octa-decene ($95%) were from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Butanedioic anhydride was from Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China). 1-Octene (99%) and norbornene (99%) were from J&K Scientic Ltd. (Beijing, China). 1-Do-decene (95%) and 1-tetradecene (99%) were from Meryer Chemical Technology Co., Ltd. (Shanghai, China). 1-Decene ($95%) was from Adamas Reagent Co., Ltd. (Shanghai China). Dichloromethylhexylsilane (98%) was from CNW Technologies Co., Ltd. (Nordrhein Westfalen, Germany). cis-2-Hexene was from Alfa Aesar Co., Ltd. (Massachusetts, USA). H 2 PtCl 6 $6H 2 O and cyclohexene ($98%) were from Tianjin Kemat Chemical Technology Co., Ltd. (Tianjin, China). CDCl 3 was from Energy Chemical Co., Ltd. (Shanghai, China). Other solvents were obtained from Tianjin Jiangtian Scientic Co., Ltd. (Tianjin, China).
Instruments
The immobilized Pt catalysts and other intermediates were characterized using infrared spectroscopy (IR, TENSOR 27, Bruker, Germany), transmission electron microscopy (TEM, JEM 2100F, JEOL Ltd., Japan), high-resolution transmission electron microscopy (HRTEM, JEM 2100F, JEOL Ltd., Japan), energy dispersive X-ray spectroscopy (EDS, X-Max, Oxford Instruments Ltd., Britain) and X-ray photoelectron spectroscopy (XPS, PHI-1600, PerkinElmer, US). Residual H 2 PtCl 6 solutions were characterized using an ultraviolet-visible spectrophotometer (UV, U-3900, Hitachi, Japan). Pt loading was analyzed using an atomic absorption spectrophotometer (AAS, 180-80, Hitachi, Japan). The hydrosilylation products and diethylenetriaminepentaacetic dianhydride (DTPAD) were identied using a Bruker Advance 600 MHz spectrometer (Bruker, Germany). The quantitative analysis of all hydrosilylation products were analyzed using GC with a capillary column (30 m Â 0.25 mm Â 0.25 mm) coated with 5% phenyl and 95% methyl polysiloxane.
2.3 Synthesis of Pt catalyst loaded on DTPA-functionalized silica gel (SiO 2 -DTPA-Pt) 2.3.1 Synthesis of DTPAD. DTPAD was synthesized according to the method reported previously by Tülü et al. 32 as shown in Fig. 1(B) . Briey, 23 g (0.06 mmol) DTPA was rst dissolved in 30 ml (0.36 mmol) anhydrous pyridine in a 100 ml three-neck round ask with a straight condenser installed with a dry tube. Then, 23 ml (0.24 mol) acetic anhydride was added to the solution and the mixture was stirred vigorously at 65 C for 24 h. Aer cooling to room temperature, the product was separated by ltration and washed with diethyl ether three times. Then, the product was placed in a 250 ml conical bottle and 58 ml acetic anhydride was poured into it and the mixture was stirred for 30 min at room temperature in order to purify the DTPAD. The product was separated by vacuum ltration and washed three times with acetic anhydride and diethyl ether. Aer drying for 24 h at 60 C, the white product DTPAD was obtained. 2.3.2 Synthesis of DTPA-functionalized silica gel (SiO 2 -DTPA). Silica gel was immersed in 6 M HCl at 60 C for 6 h and washed with distilled water until pH ¼ 7. Then, the treated silica gel was separated by ltration and dried at 60 C for 12 h. 5 g treated silica gel was dried under vacuum for 3 h at 130 C and placed in a 100 ml 3-neck ask. Aerward, the aminofunctionalized silica gel was prepared by the dropwise addition of 7 ml g-aminopropyltriethoxysilane (APTES) to 5 g silica gel in 50 ml distilled toluene. Then, the reactants were stirred at 110 C for 24 h, and collected by ltration, rinsed with acetone and toluene, and nally dried at 70 C for 24 h. To get DTPAfunctionalized silica gel, 2 g amino-functionalized silica gel and 6 g DTPAD were mixed and poured into a 100 ml three-neck ask. Then, 36 ml anhydrous ethanol and 36 ml acetic acid were added into the mixture and stirred at 70
C for 24 h. Aer cooling to room temperature, the product was separated by ltration and washed with water and acetone and dried at 70 C for 12 h. 33 The process is illustrated in Fig. 1(C To obtain NTA-functionalized silica gel, 10 g NTA and 8 g amino-functionalized silica gel, as prepared in Section 2.3.2, were mixed and added to a 250 ml three-neck ask. Then, 80 ml anhydrous ethanol and 80 ml acetic acid were poured into the mixture and mechanically stirred at 70 C for 24 h. Aer cooling to room temperature, the product was separated by ltration and rinsed with water and acetone and dried at 70 C for 12 h.
The synthetic process is illustrated in Fig. 1(C) Step 2. To get SiO 2 -NTA-Pt, 0.4 g SiO 2 -NTA and 50 ml anhydrous ethanol were added into a 100 ml 4-neck ask. Once the heating temperature reached 78 C, 4 ml i-propanol-H 2 PtCl 6 (0.0386 mol l
À1
) was added to the mixture and further heated to reux at 78 C under a continuous nitrogen ow for 9 h. Aer cooling to room temperature, the yellow product was separated by ltration and washed with ethanol several times. Finally, the product was dried at 60 C for 24 h.
2.5 Synthesis of Pt catalyst loaded on SA-functionalized silica gel (SiO 2 -SA-Pt) Fig. 1 (C) step 3 shows the preparation process of SAfunctionalized silica gel. A total of 6 g butanedioic anhydride, 6 g amino-functionalized silica gel as prepared in Section 2.3.2 and 100 ml dioxane were added into a 250 ml 3-neck ask. The mixture was stirred at 70 C for 24 h. The product was separated by ltration and rinsed with acetone and water several times. Finally, the SA-functionalized silica gel was dried at 70 C for 12 h. To obtain SiO 2 -SA-Pt, a mixture of 0.6 g SiO 2 -SA, 6 ml ipropanol-H 2 PtCl 6 solution (0.0386 mol l À1 ) and 60 ml anhydrous ethanol was stirred at 78 C for 9 h. Then, the product was separated by ltration and washed with ethanol several times and dried at 60 C for 24 h.
Evaluation and application of the immobilized Pt catalysts
Firstly, 1-hexene hydrosilylation with methyldichlorosilane was used to evaluate the catalytic activities of SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt. The alkane hydrosilylation was tested in a 50 ml conical centrifuge tube which was equipped with a condenser at the top of the tube to avoid evaporation of the solution. Typically, for SiO 2 -DTPA-Pt, an appropriate amount of Pt catalyst loaded on DTPA-functionalized silica gel containing 2.8 Â 10 À3 mmol Pt was added to the 50 ml conical centrifuge tube with a magnetic stirrer. Then, an appropriate amount of 1-hexene (10 mmol) was added to the system and the reactants were stirred at 60 C for 30 min. Aerward, an appropriate amount of methyldichlorosilane (18 mmol) was added to the system. The reaction mixture was heated to 60 C and magnetically stirred for 4 h and aer cooling down to room temperature, the reaction mixture was separated by centrifugation. SiO 2 -NTA-Pt (2.3 Â 10 À3 mmol Pt) and SiO 2 -SA-Pt (2.9 Â 10 À3 mmol Pt) were used to catalyze the model reaction and the experimental conditions and procedures were the same as for the catalytic reaction using SiO 2 -DTPA-Pt. The reactants were ltrated with a 0.22 mm microporous lter before quantitative analysis with GC. 1 H NMR spectra were recorded on a Bruker AC-P400 (600 MHz) spectrometer to characterize the structure of the product. In addition, a series of linear alkenes and ring type alkenes were chosen to evaluate and compare the catalytic activity, selectivity and feasibility of the SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt catalysts. Hydrosilylation reactions between different olens and methyldichlorosilane were also carried out in a 50 ml conical centrifuge tube which was equipped with a condenser at the top of the tube to avoid evaporation of the solution and a magnetic stirrer. Typical reaction conditions were as follows: 10 mg SiO 2 -DTPA-Pt (2.8 Â 10
À3 mmol Pt), 15 mg SiO 2 -NTA-Pt (2.3 Â 10 À3 mmol Pt) or 25 mg SiO 2 -SA-Pt (2.9 Â 10 À3 mmol Pt) was added to 10 mmol short-chained olens (1-heptene, 1-octene, styrene, norbornene or cyclohexene), 5.0 mmol olens (cis-hex-2-ene) or 5.0 mmol longchained alkenes (1-decene, 1-do-decene, 1-tetra-decene, 1-hexa-decene, or 1-octa-decene). The mixture was stirred at 60 C for 30 min. Aerward, an appropriate amount of methyldichlorosilane (18 mmol) was added to the mixture. The reactants were heated to 60 C and magnetically stirred for 5 h for longchained alkenes or 4 h for other olens and aer cooling down to room temperature, the mixture was separated by centrifugation.
In reusability experiments, 1-hexene hydrosilylation with methyldichlorosilane was used to evaluate the reusability of SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt. Aer each catalytic reaction for these three Pt catalysts, the reactants could be separated from the system by centrifugation. Then, the heterogeneous Pt catalysts could be held in the original system and reused for the next catalytic reaction without any other processes.
Characterization of the immobilized Pt catalysts
The intermediates and immobilized platinum catalysts, DTPAD, SiO 2 , SiO 2 -NH 2 , SiO 2 -DTPA, SiO 2 -NTA, SiO 2 -SA, SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt were characterized using IR. DTPAD was also identied using 1 H NMR. The elemental distributions of the catalysts (SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt) were analyzed using EDS. The size, morphology and distribution of the catalyst particles were observed using TEM and HRTEM. The samples were prepared by dispersing them in deionized water on a Formvar/carbon lm coated Cu grid, followed by drying under ambient conditions. The binding energies of Pt from the catalysts were characterized using XPS. The actual Pt loadings for all the catalysts were determined using AAS. The H 2 PtCl 6 residual liquid aer immobilization was determined using UV spectrometry at wavelengths from 220 nm to 500 nm to investigate the change in valence state of the Pt. The 1 H NMR spectra were recorded on a Bruker AC-P400 (600 MHz) spectrometer to characterize the structure of the products. The yield of the products of the reactions between alkenes and methyldichlorosilane were determined using GC. The GC conditions for short-chained alkenes were as follows: the split ratio was 30 : 1; the sampling volume was 0.8 ml; the column temperature was increased from 60 C to 260 C at a rate of 10 C min À1 ; the time duration for the highest temperature was 5 min; the temperature of injection and detection was 260 C.
The GC conditions of the reactions between long-chained alkenes (1-decene, 1-do-decene, 1-tetra-decene, 1-hexa-decene, or 1-octa-decene) and methyldichlorosilane were as follows: the column temperature was increased from 60 C to 280 C at a rate of 10 C min À1 ; the duration time for the highest temperature was 5 min; the temperature of injection and detection was 280 C; the sampling volume was 0.6 ml.
Results and discussion
3.1 Characterization of the catalysts 3.1.1 IR and NMR analysis of DTPAD. The IR spectrum of DTPAD is shown in Fig. S1(A corresponding to the vibration absorption of the C-N group, and the peaks at 1298-1204 cm À1 are related to C-O stretching. 34 1 H NMR (DMSO, 600 MHz) is shown in Fig. S1 (B) † and these NMR data are consistent with the characteristic peaks of DTPAD. Fig. 3(A-C) , where the dark spots on the surface of the catalysts could be Pt and the morphology and distribution of Pt could be observed. Characteristic patterns of Pt (111) planes (d ¼ 0.227 nm) were also observed. Highly dispersed Pt particles were detected in the TEM images of SiO 2 -DTPA-Pt and the size of the Pt particles was about 3-4 nm, and they had better dispersion than in SiO 2 -NTA-Pt and SiO 2 -SA-Pt. Some aggregated particles larger than 5 nm were detected in the TEM images of SiO 2 -NTA-Pt and SiO 2 -SA-Pt. These results indicate that the DTPA functionalized silica could be used as an efficient support for forming highly dispersed, ultra small sized Pt particles. As shown in Fig. 3(D-F) , the EDS analysis revealed the presence of Pt and the corresponding elements of C, O, N, Si and Cl in all of the catalysts (SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt). Before the EDS determination, the samples need to be coated on the Cu grid of a formavar/carbon lm. This is the reason for Cu in the X-ray spectra.
3.1.4 Analysis of Pt valence states for the Pt catalysts. To explore the valence state change of Pt on immobilization on SiO 2 -DTPA, SiO 2 -NTA and SiO 2 -SA, the residual H 2 PtCl 6 solutions were analyzed using UV and the data are shown in Fig. S2 (A) †) and is consistent with the absorbance of Pt(IV) reported before. 37 The absorbance at 265 nm for the residual Pt decreased to 243 nm for SiO 2 -DTPA-Pt and SiO 2 -NTA-Pt (Fig. S2 (B and C) †) and decreased to 242 nm for SiO 2 -SA-Pt (Fig. S2(D) †) , which is consistent with the absorbance of Pt particles reported before. 21 The changes conrm that Pt has been successfully immobilized on the APCA-functionalized silica gel with other forms.
3.1.5 XPS and AAS analysis of the Pt catalysts. XPS was employed to obtain surface information on Pt oxidation states and compositions of the SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt, and SiO 2 -SA-Pt catalysts. As shown in Fig. 4 (A) , the spectra also indicate the presence of O, C, N, Si, Cl and Pt for SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt, and SiO 2 -SA-Pt, which is in agreement with the EDS data. The results of the elemental analysis of these three Pt catalysts are shown in Table 1 . The C content was 32.6%, 30.4% and 24.6%, while the N content was 5.6%, 4.2% and 3.6% for SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt, and SiO 2 -SA-Pt respectively. Fig. 4(B-D) shows the Pt 4f spectra of SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt . These results could be attributed to the fact that DTPA has a stronger charge binding ability than NTA or SA 39 and more C and N exists in DTPA functionalized silica. The formation of metallic Pt might be caused by the interaction of the polycarboxylic acid with Pt.
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The actual Pt loadings for the polycarboxylic acidfunctionalized silica supported Pt catalysts were determined using AAS. The data shows that the Pt loading for SiO 2 -DTPA-Pt was 0.287 mmol g À1 or 5.59 wt%, which was higher than that of 3.84 wt% for SiO 2 -EDTA-Pt, 31 2.93 wt% for SiO 2 -NTA-Pt, and 2.30 wt% for SiO 2 -SA-Pt. The amount of Pt in these APCAfunctionalized silica supported Pt catalysts follows the order: SiO 2 -DTPA-Pt > SiO 2 -EDTA-Pt > SiO 2 -NTA-Pt > SiO 2 -SA-Pt. These ). This data indicates that the three immobilized Pt catalysts have high activity for the hydrosilylation of 1-hexene and methyldichlorosilane under optimal conditions. However, the variation trend of these three catalysts represented by the TOF was different. SiO 2 -SA-Pt showed the lowest TOF with a product yield that was only 33.8% aer a 2 h reaction while the yield of dichloromethylhexylsilane was 95.9% for SiO 2 -DTPA-Pt or 88.8% for SiO 2 -NTA-Pt. These results demonstrate that the constituent of the polycarboxylic acid group plays a critical role in the hydrosilylation of 1-hexene and methyldichlorosilane.
3.2.2 Optimization and evaluation of the preparation conditions for SiO 2 -DTPA-Pt. The catalytic activity of EDTAfunctionalized silica supported Pt or Al 2 O 3 -supported Pt catalysts could be strongly affected by their preparation conditions.
18,31 Therefore, the inuence of the preparation conditions (temperature and solvents) were investigated for SiO 2 -DTPA-Pt.
The Pt catalyst was prepared as in Section 2. ). Therefore, it could be concluded that Pt(IV) was able to be present as the stable and active Pt species when the preparation temperature was increased to 78 C. This hypothesis is consistent with the UV/Vis spectra of the residual Pt solutions of SiO 2 -DTPA-Pt prepared at different internal temperatures in ethanol. As shown in Fig. S3 , † it could be observed that the absorbance at 265 nm gradually decreased and the absorbance at 243 nm appeared as the preparation temperature increased from 25 C to 78 C. As we can see from Section 3.1.4, the absorbance of Pt(IV) at 265 nm was consistent with that of samples prepared at 25 C, while the absorbance at 243 nm for the Pt prepared at 78 C was consistent with the absorbance of Pt particles reported before. 21 These results indicate that the catalytic activity is dependent on the preparation temperature; when the temperature increases to 78 C, the yield increases to the maximum, which might be caused by the conversion of Pt(IV) to Pt particles. The effect of preparation solvents including ethanol, ipropanol, n-butanol and n-hexanol on the catalytic activity was investigated. As in Section 2.3.3, we prepared SiO 2 -DTPA-Pt at 78 C using different solvents. The results (Table 4) suggest that the catalytic activity for SiO 2 -DTPA-Pt is largely related to the synthetic solvents. It was revealed that catalysts prepared in three other solvents had low catalytic activities (39.1%, 46.0% and 8.5% in i-propanol, n-butanol and n-hexanol respectively) while the yield was 99.6% using ethanol as the immobilized solvent. As shown in Fig. S4 , † the UV/Vis spectra of the residual Pt solutions for SiO 2 -DTPA-Pt prepared with different solvents indicate that the absorbance of Pt at 243 nm using ethanol as the solvent was consistent with the absorbance of Pt particles reported before. 21 Meanwhile, the absorbance was still at 265 nm when using n-butanol as the preparation solvent, which indicated that the Pt was immobilized on the SiO 2 -DTPA in the form of Pt(IV). The absorbance of Pt increased to 277 nm when the preparation solvent was n-hexanol and disappeared when using i-propanol as the solvent which indicated that the Pt Herein, we tried to nd optimized catalytic conditions for alkane hydrosilylation catalyzed by the three Pt catalysts. In this case, the following conditions were investigated: the amount of the heterogeneous Pt catalyst, the reaction temperature, the reaction time, the adding order of the reactants and the ratio of reactants.
The alkene hydrosilylation activity with methyldichlorosilane catalyzed by immobilized Pt catalysts exhibited a strong dependence on temperature. Higher temperatures could give higher activity with a shorter time. 41 The inuence of the temperature C) on the catalytic activity of the polycarboxylic acid-functionalized silica supported Pt catalysts at different times was inspected. In order to get a higher yield for 1-hexene hydrosilylation with methyldichlorosilane, a series of reaction times of 0.5 h, 1 h, 2 h, 3 h, and 4 h were investigated. As shown in Table 2 , it is clearly observed that the yield of the products reached the maximum aer 4 h (99.6% for SiO 2 -DTPA-Pt and 94.4% for SiO 2 -NTA-Pt). The yield was 90.3% aer the rst 0.5 h, and increased slowly to 94.3% (1 h), then reached 99.6% aer 4 h for SiO 2 -DTPA-Pt. In contrast, for SiO 2 -NTA-Pt, the yield was 52.5% aer 0.5 h and increased rapidly to 87.2% from 0.5 h to 1 h and increased slowly aer 1 h, then reached the maximum of 94.4% aer 4 h. These results indicate that the reaction time plays an important role in the catalytic activity of the immobilized Pt catalysts, and 4 h was chosen as the reaction time for the experiments.
Hydrosilylable olens are resistant to insertion into the Pt-Si bond and not to hydrosilylation if no excess silane is present.
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Bearing this in mind, the effect of the ratio between the two reactants (methyldichlorosilane and 1-hexene) was inspected for SiO 2 -DTPA-Pt and SiO 2 -NTA-Pt, with ratios of 0.50 : 1, 1.00 : 1, 1.40 : 1, 1.80 : 1, 2.00 : 1, and 2.20 : 1. The data shown in Fig. 5(C) reveal that when the ratio of the reactants was 0.50 : 1, the yield was the lowest (49.52%) for SiO 2 -DTPA-Pt because of the residual 1-hexane. The yield of the dichloromethylhexylsilane increased from 55.41% to 93.45% as the ratio rose from 1.00 : 1 to 1.80 : 1. When the ratio continually increased, the yields of the product dropped from 87.49% to 81.62%. Meanwhile for SiO 2 -NTA-Pt, the variation trend was similar to that for SiO 2 -DTPA-Pt, and it had the highest activity when the ratio was 1.80 : 1. Therefore, we used the ratio of 1.80 : 1 for the alkene hydrosilylation.
Results from the experiments with SiO 2 -DTPA-Pt or SiO 2 -NTA-Pt and those previously described 31 for SiO 2 -EDTA-Pt showed that the hydrosilylation conditions such as reaction time, reaction temperature, and the ratio of reactants were similar for the APCA-functionalized silica supported Pt catalysts. In view of this, the reaction conditions for SiO 2 -SA-Pt were the same as those for SiO 2 -DTPA-Pt and SiO 2 -NTA-Pt except for the catalyst dosage and the additive sequence of reactants.
The amount of the heterogeneous Pt catalyst plays a vital role in the catalytic activity. Therefore, the effect of the amount of the Pt catalyst on alkene hydrosilylation was inspected for these three immobilized Pt catalysts. The results revealed that the maximum yield reached 99.8%, 98.5% and 97.1% respectively for SiO 2 -DTPA-Pt (2.8 Â 10
À3 mmol Pt), SiO 2 -NTA-Pt (2.3 Â 10 À3 mmol Pt) and SiO 2 -SA-Pt (2.9 Â 10 À3 mmol Pt). The variation trend of these respective catalytic activities affected by catalytic dosage was similar for these three catalysts. When catalysts were used that contained less Pt, i.e., 1.4 Â 10 À3 mmol for SiO 2 -DTPA-Pt (37.0%), 7.5 Â 10 À4 mmol for SiO 2 -NTA-Pt (62.4%) and 1.18 Â 10 À3 mmol for SiO 2 -SA-Pt (32.8%), the yields were lower. These results indicate that the yields of the products of alkene hydrosilylation catalyzed by the polycarboxylic acid functionalized silica supported Pt catalysts were strongly dependent on the amount of heterogeneous Pt catalyst. A lower amount of Pt catalyst may lead to more by-products and limit the catalytic activity of the immobilized Pt catalysts. The Chalk-Harrod mechanism was rstly proposed for alkene hydrosilylation catalyzed by Pt catalyst. 43 For the mechanism, the alkene was coordinated to the center of Pt to form an alkene-Pt complex, then, the silane was introduced to the alkene-Pt complex for oxidative addition. The coordinated olen was inserted into the Pt-H bond and the hydrosilylation product was eliminated by reduction. The step of inserting the olen into the Pt-H bond is rate-limiting in alkene hydrosilylation. 44 Thus, the adding order of the reactants might have an effect on the hydrosilylation. In this case, the inuence of the adding order of the reactants on the alkene hydrosilylation for these three immobilized Pt catalysts was inspected. As shown in Fig. 6 , it was clearly revealed that the catalytic activity of the model reaction was largely dependent on the adding order of the reactants. The varied trends of the yields of reactions catalyzed by these three Pt catalysts were similar; when methyldichlorosilane was poured into the reaction aer 1-hexene and the Pt catalyst were stirred for 30 min, the yields of dichloromethylhexylsilane increased to 97.14%, 94.42% and 95.45% for SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt, respectively. Meanwhile, the yields decreased to 82.5%, 90.0% and 66.6% when the reactants were added to the system at the same time and the yields reduced to 53.5%, 85.6% and 63.7% when 1-hexene was poured into the reaction aer methyldichlorosilane and the Pt catalyst were stirred for 30 min. These results indicate that the adding order of the reactants is a predominant inuence in alkene hydrosilylation. A plausible catalytic mechanism for polycarboxylic acid-functionalized Pt catalysts is shown in Fig. 7 . The mixture of Pt catalyst and alkene at a certain temperature can activate the double bond, and form the alkene-Pt complex. The olen could then be inserted into the Pt-H bond more easily and could improve the catalytic activity of the Pt catalyst. 3.3 The applicability of SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt As shown in Fig. 8 , an array of substituted linear and ring type alkenes were used to investigate the applicability of the polycarboxylic acid-functionalized silica supported Pt catalysts. The catalytic products were analyzed using 1 H NMR.
The product of reactions using 1-heptene is dichloromethylheptylsilane, whose 1 H NMR spectrum is shown in Fig. S6A . † The conversion of 1-heptene catalyzed by SiO 2 -DTPAPt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt was 98.9%, 98.8% and 97.9%, respectively, and the selectivity was 99%, 99% and 99%, respectively, which is better than the selectivity of homogeneous platinum catalyst (94%). The 1 H NMR spectrum of the product for 1-octene is shown in Fig. S6B † and agreed with that of standard dichloromethyloctylsilane. The conversion of 1-octene catalyzed by SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt was 98.6%, 98.1% and 97.0%, respectively, and the selectivity was 99%, 99% and 99%, respectively, which is better than the selectivity of homogeneous platinum catalyst (95%). The product of 1-decene was dichlorodecylmethylsilane, and the 1 H NMR spectrum is shown in Fig. S6C . † The conversion of 1-decene catalyzed by SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt was 97.8%, 97.7% and 97.1%, respectively, and the selectivity was 99%, 99% and 99%, respectively, which is better than the selectivity of homogeneous platinum catalyst (95%). The product of 1-dodecene was dichlorododecylmethylsilane, whose 1 H NMR spectrum is shown in Fig. S6D . † The conversion of 1-dodecene catalyzed by SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SAPt was 97.8%, 97.7% and 97.1%, respectively, and the selectivity was 99%, 98% and 99%, respectively, which is better than the selectivity of homogeneous platinum catalyst (95%). The product of 1-tetradecylene was dichloromethyltetradecylsilane, whose 1 H NMR spectrum is shown in Fig. S6E . † The conversion of 1-tetradecylene catalyzed by SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt was 98.1%, 92.3% and 93.2%, respectively, and the selectivity was 99%, 99% and 99%, respectively, which is better than the selectivity of homogeneous platinum catalyst (95%). The 1 H NMR spectrum of the product for 1-hexadecene is shown in Fig. S6F . † The conversion of 1-hexadecene catalyzed by SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt was 95.0%, 93.4% and 94.0%, respectively, and the selectivity was 99%, 98% and 97%, respectively, which is better than the selectivity of homogeneous platinum catalyst (94%). The product of 1-octadecene was dichloromethyloctadecylsilane, whose 1 H NMR spectrum is shown in Fig. S6G . † The conversion of 1-octadecene catalyzed by SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt was 95.0%, 93.4% and 94.0%, respectively, and the selectivity was 99%, 99% and 99%, respectively, which is apparently better than the selectivity of homogeneous platinum catalyst (87%). The product of styrene is dichloromethylphenethylsilane, whose 1 H NMR spectrum is shown in Fig. S6H . † 45 The conversion of styrene catalyzed by SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt was 95.5%, 98.8% and 95.7%, respectively, and the selectivity was 99%, 99% and 99%, respectively, which is apparently better than the selectivity of homogeneous platinum catalyst (63%).
The above data suggest that these three immobilized Pt catalysts could also catalyze the hydrosilylation of other linear alkenes effectively. Linear terminal olens gave very good yields of the corresponding silylated products (Table 5 , entries 1 to 8) and had high selectivity.
Little attention has been paid to the hydrosilylation of internal double bonds so far, which are generally known to be far less reactive toward hydrosilylation than terminal olens.
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But for our research, we tried to use the immobilized platinum catalysts to catalyze the hydrosilylation of internal double bonds and chose cis-hex-2-ene as a model compound. In GC, the product, dichloromethylhexylsilane, appeared at 12.724 min, which was separated well from cis-hex-2-ene at 3.001 min. High conversion was achieved using an internal olen (Table 5 , entry 9 for cis-hex-2-ene); the conversion of the internal olen was 95.2%, 92.7% and 92.3% for cis-hex-2-ene catalyzed by SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt, respectively, which was superior to the 33% achieved by Karstedt's catalyst. 44 High selectivities were also observed (99%, 99% and 99%, respectively). These results indicate that these three immobilized Pt catalysts may potentially be used in the hydrosilylation reaction of internal olens.
Norbornene and cyclohexene were used to test the catalytic activity of these three immobilized Pt catalysts for ring type alkenes. In GC, the products could be separated well from norbornene or cyclohexene. The conversion of cyclohexene catalyzed by SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt was 30.4%, 22.0% and 22.4%, respectively. However, cyclohexene was unable to undergo hydrosilylation catalyzed by Karstedt's catalyst. 44 These results indicate that these three immobilized Pt catalysts are superior to homogeneous Pt catalysts for the hydrosilylation of cyclohexene and methyldichlorosilan. In contrast, high conversion (92.5%, 90.0% and 88.6% catalyzed by SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt, respectively) and selectivity (100%) were obtained for norbornene. The 1 H NMR spectrum of the product is shown in Fig. S6I . † These results reveal that these three immobilized Pt catalysts were more active for the hydrosilylation of norbornene than that of cyclohexene. It appears that the substitution pattern at the a-C or the possible agostic interaction of the bridging methylene protons of norbornene might exert a benecial effect. The forced boat conformation of norbornene confers it with a higher reactivity than the chair conformation of cyclohexene. Fig. 8 The substrate scope of the hydrosilylation reaction.
3.4 The reusability of SiO 2 -DTPA-Pt, SiO 2 -NTA-Pt and SiO 2 -SA-Pt
To investigate the reusability of polycarboxylic acidfunctionalized silica supported Pt catalysts, 1-hexene hydrosilylation with methyldichlorosilane was used to do the recycling experiments. Aer each catalytic reaction for these three Pt catalysts, the reactants could be separated by centrifuging them from the system. Then, the heterogeneous Pt catalysts could be held in the original system and reused in the next catalytic reaction without any processing. As shown in Fig. 9 , the results reveal that SiO 2 -DTPA-Pt shows a very good activity over thirteen catalytic runs with a small loss in the yield of 1-hexylmethyldichlorosilane (80% aer thirteen catalytic runs). Meanwhile, SiO 2 -NTA-Pt could be reused seven times and the yield of the nal run was 82%. However, the yield of 1-hexylmethyldichlorosilane drastically dropped over the three runs (96.9%, 62.8% and 30.9%) for SiO 2 -SA-Pt. It was found in leaching experiments that the Pt content of SiO 2 -DTPA-Pt decreased from 5.59 wt% to 5.28 wt% aer being reused 4 times, which indicates that the loss of Pt occurs during the reaction. The Pt content decreased to 4.94 wt%, 4.43 wt% and 3.86 wt% aer being reused 7, 10 and 13 times, respectively. In other words, the average loss of Pt was approximately 1.44 ppm in each reaction, which was lower than the active concentration (i.e. 10 ppm) for homogeneous Pt catalysts. The loss of the Pt catalyst in each run was an important reason contributing to the decrease in the yield. However, the difference in the binding abilities of DTPA, NTA and SA may cause the difference in the reusability for these three immobilized Pt catalysts. DTPA had much stronger interactions with Pt than NTA and SA, and had little decrease in activity aer repeated use.
Conclusions
A series of novel polycarboxylic acid-functionalized silica supported Pt catalysts was successfully synthesized in our work. The XPS results indicated the existence of charge transfer from Pt to the coordination atoms of DTPA, NTA and SA. These three new immobilized Pt catalysts were shown to have wide applications, high activity, selectivity and reusability for alkene hydrosilylation. Among them, SiO 2 -DTPA-Pt showed the best catalytic ability and could be reused 13 times with less loss of yield of the product because of the strong connections of DTPA with Pt. The three new polycarboxylic acid-functionalized Pt catalysts may potentially be used in industrial alkene hydrosilylation.
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